Defective interfering (DI) RNAs represent incomplete viral RNA genomes which are incapable of self-replication (reviewed in reference 33). Deletion of essential coding regions in Dl RNA molecules makes them dependent upon the parental helper genome for provision of trans-acting factors required for replication and packaging. The presence of these molecules in viral infections often leads to decreased virus yields, presumably because of competition with the helper genome for a limited supply of trans-acting factors (13, 34) . DI RNAs are commonly found associated with animal virus infections of cultured cells after serial passage of virus at a high multiplicity of infection (22, 34) . Passing virus at a high multiplicity of infection is thought to favor double infection of cells (i.e., with both helper and DI RNAs), thereby promoting further amplification of newly generated or existing DI RNAs.
In contrast to animal viruses, DI RNAs appear to be less prevalent in RNA virus infections of plants. Tomato bushy stunt virus (TBSV), the type member of the tombusvirus group, was the first plant virus for which authentic Dl RNAs were definitively identified (11) . Tombusviruses represent a group of small, icosohedral plant viruses which contain a monopartite single-stranded messenger-sense RNA genome of approximately 4.7 kb. Since the original description of the TBSV DI RNAs, there have been additional reports of DI RNAs associated with other tombusviruses (3, 29) , as well as with several other diverse groups of RNA plant viruses (20, 28, 32, 36) . Plant virus DI RNAs have been shown to accumulate de novo following high-multiplicity serial passage of an infec-tion initiated with a DI RNA-free inoculum (20) , and tombusvirus Dl RNAs appear de novo under analogous passage conditions (4, 17, 29) . Interestingly, cucumber necrosis tombusvirus (CNV) DI RNAs can accumulate in an initially infected plant when it is inoculated with a mutant viral genome unable to express the p20 nonstructural viral protein (29) . The presence of DI RNAs in tombusvirus infections results in attenuation of symptoms (3, 11, 29) . Conversely, DI RNAs of both turnip crinkle carmovirus (20) and broad bean mottle virus (32) have been shown to increase the severity of symptoms.
Despite the apparent ubiquity of DI RNAs, little is known about the mechanism(s) by which these molecules are generated. The copy choice model for DI RNA formation suggests that template switching by the replicase during RNA synthesis is responsible for the generation of these recombinant molecules (5, 19, 27) . In this model, the actively copying RNA replicase and incomplete nascent strand dissociate from an RNA template and reinitiate synthesis either on a new RNA template or at a different position on the original template. It has been suggested that secondary structure plays a role in the selection of the recombination sites (23) , and it has been proposed that RNA heteroduplex formation between two RNA templates could mediate such recombination events (2) . A number of conserved sequence motifs have been identified just 3' to junctions in turnip crinkle carmovirus DI RNAs and satellite RNAs which may mediate replicase reinitiation (5) . In one of these motifs, maintenance of a specific secondary structure is required for recombination (6) .
Little information is available on the structural attributes of DI RNAs which dictate their level of competitiveness. The maintenance of cis elements involved in replication and pack-VOL. 68, 1994 DI RNA GENERATION AND EVOLUTION IN TOMBUSVIRUSES 15 aging represents two obvious components which could influence fitness. An additional, less obvious feature which has recently been shown to influence the accumulation of both plant and animal virus DI RNAs is maintenance (in the DI RNA) of a hybrid open reading frame (7, 14, 37) . For these cases, it was postulated that translation of the DI RNA may either stabilize it or be coupled to its replication and/or packaging. The criteria defining DI RNA competitiveness, of course, will vary depending on the parental virus, the host, and the environmental conditions.
In the present study, we identified factors which influence the competitiveness of DI RNAs and showed that these molecules can evolve to both smaller and larger forms. Our results indicate that DI RNA-DI RNA recombination and/or rearrangement is responsible for the generation of the evolved DI RNA forms. The potential for base pairing at junction sites between positive-and negative-sense DI RNAs suggests that, in some cases, complementarity may direct the selection of recombination sites. On the basis of our data, we propose a model to describe the steps involved in the generation and evolution of DI RNAs in tombusviruses.
MATERIALS AND METHODS
Plasmid construction and in vitro transcription. The construction of plasmids containing infectious cloned cDNAs of the viral genomes of TBSV (TBSV-100) and CNV (K21M5) has been described previously (10, 30) . K2lM5 was kindly provided by D. Rochon. HS-7 is an infectious clone of TBSV genomic RNA (gRNA) which does not express a functional viral coat protein (35) and was generously supplied by Herman Scholthof. The construction of plasmids DI-72 and DI-73, containing cloned cDNAs of naturally occurring DI RNAs, has already been described (16, 17) . DI-82 and DI-83 were constructed by digestion of TBSV-100 with BstXI (coordinate 1391) and SphI (in vector, 3' to the viral sequence) and replacement of the excised viral fragment with the corresponding BstXI and SphI fragments from DI-72 and DI-73, respectively. DI-93 was constructed by digesting DI-73 with BstXI (1391) and SalI (4501) and replacing the excised viral fragment with BstXI-BamHI (2441) and BamHI-SalI fragments from TBSV-100. The authenticity of constructs DI-82, DI-83, and DI-93 was verified by restriction enzyme analysis and dideoxynucleotide sequencing of the regions forming the new junctions.
In vitro transcription was carried out on SmaI-digested TBSV-100, K2lM5, HS-7, or DI derivatives (see Fig. 1 ) with an Ampliscribe T7 RNA polymerase transcription kit (Epicentre Technologies). Reactions were terminated by addition of NH, acetate to a final concentration of 2 M, followed by extraction with phenol-chloroform-isoamyl alcohol and precipitation of the products with ethanol. The products were subsequently resuspended in double-distilled H 2 0 to which a half volume of 7 M LiCl was added. The mixture was incubated on ice for 2 to 3 h, and the precipitate was collected by centrifugation, resuspended in double-distilled H 2 0 , and precipitated with ethanol in the presence of 2 M NH, acetate. RNA transcripts synthesized in vitro were quantified spectrophotometrically, and the quality of the transcripts was monitored by agarose gel electrophoresis.
Protoplast preparation and inoculation. Protoplasts were prepared from cucumber (variety Straight 8) cotyledons by using a previously published protocol (13) with minor modifications. Cotyledons were excised prior to the emergence of true leaves, and the lower epidermis was removed with forceps. Following enzyme digestion, protoplasts were pelleted and washed as previously described (13) , except that the protoplasts were banded a second time onto a 20% sucrose cushion. Purified protoplasts were inoculated with viral RNA transcripts prepared in vitro as described previously (13) and were incubated in a growth chamber under fluorescent lighting at 22°C for 24 h.
RNA analysis. Total nucleic acid was harvested from protoplasts 24 h postinoculation ( p i ) by resuspension in 300 p,1 of a buffer containing 2 x STE (24) and 1% sodium dodecyl sulfate. Following two extractions with phenol-chloroformisoamyl alcohol, 100 p,l of 8 M NH, acetate was added to the aqueous phase and the mixture was precipitated with ethanol. Aliquots (1/10) of the total nucleic acid preparation were separated either in neutral 1.4% agarose gels or in 4.5% polyacrylamide gels containing 8 M urea. Viral RNAs were detected either by staining with ethidium bromide or by electrophoretic transfer to nylon (Nytran; Schleicher & Schuell), followed by Northern (RNA) blot analysis (24) . "P-labeled probes used for viral RNA detection on Northern blots were prepared with a random priming kit (Pharmacia).
cDNAs corresponding to different D I RNA species were prepared by first isolating the RNAs from 4.5% polyacrylamide gels containing 8 M urea by the crush-and-soak method (25) , followed by amplification with a reverse transcription-PCR. The eluted RNA was mixed with approximately 100 pmol of oligonucleotide P9 (5' GGCGGCCCGCATGCCCGGGCTG CATTTCTGCAATGTTCC), which contained, 5' to 3', a G C clamp of eight residues, SphI and SmaI restriction sites, and sequence complementary to the 3' 23 nucleotides of both TBSV and CNV gRNAs. The mixture was heated at 90°C for 2 min and then set at ambient temperature for 5 min. Extension of the primer was carried out at 45OC for 50 min in a 30-p,l volume containing 1 x reverse transcriptase buffer (Bethesda Research Laboratories); 10 mM dithiothreitol; dATP, dCTP, dGTP, and dDTP at 0.7 mM each; and 200 U of Superscript I1 reverse transcriptase (Bethesda Research Laboratories). The reaction was then diluted to a final volume of 100 p,1 and included the following: 100 pmol of oligonucleotide P8 (5' GGCGTCTAGATAATACGACTCACTATAGGAAA TTCTCCAGGATTTCTC), 1 x vent buffer (New England BioLabs), and 2 U of Vent DNA polymerase (Bethesda Research Laboratories). Oligonucleotide P8 contained, 5' to 3', a four-residue G C clamp, an XbaI restriction site, a T7 RNA polymerase promoter, and a sequence identical to the 5' 21 nucleotides of the TBSV and CNV gRNAs. PCR was carried out under the following conditions: one cycle of 5 min at 94"C, 1 min at S°C , and 2 min at 72OC; 35 cycles of 1 min at 94"C, 1 min at S°C , and 1 min at 72OC; and one cycle of 2 min at 94OC, 1 min at 55OC, and 2 min at 72OC. PCR products were then extracted with phenol-chloroform-isoamyl alcohol and precipitated with ethanol. The products were subsequently digested with XbaI and SphI, gel purified (Geneclean; Bio 101), and ligated into XbaI-SphI-digested pUC19. Clones were sequenced by the dideoxynucleotide chain termination method. Some of the DNA sequencing was performed by the Center of Biotechnology DNA Sequencing Facility (University of Nebraska-Lincoln).
RNA half-life determinations. Approximately 10' cucumber cotyledon protoplasts were inoculated with 20 pmol of a synthetic RNA transcript corresponding to either DI-72 or DI-73 as already described. The protoplasts were washed with 3 ml of 10% mannitol prior to addition of incubation buffer to remove untransfected RNA. Aliquots containing approximately 1.5 x 10, cells were removed at 0, 1, 2, 4, 8, and 16 h pi., and the total nucleic acid from these cells was isolated. A quarter of the recovered total nucleic acid was separated in a (10, 31) . Regions from which the TBSV DI RNAs were derived are shown below as shaded boxes, and the deleted intervening regions and depicted as lines. The coordinates given correspond to those of the gRNA of TBSV (10) and represent the junction sites for all of the Dl RNAs shown. The four regions which are conserved, to some degree, in all of the characterized naturally occurring TBSV DI RNAs are indicated by roman numerals. Region III/IV represents a contiguous TBSV 3' terminus which includes the segment bctwccn regions 111 and IV. neutral 1.3% agarose gel, electrophoretically transferred to nylon (Nytran), and hybridized with a "P-labeled randomly primed probe corresponding to DI-73. Quantification of the bound RNA was performed by radioanalytic scanning of the membrane with the AMBIS Radioanalytic Imaging System (AMBIS Systems, Inc.).
RESULTS
Factors influencing competitiveness of DI RNAs. We have shown previously that during high-multiplicity serial passage of TBSV in plants, a D I RNA species approximately 800 nucleotides (nt) long was the first dominant species to accumulate but, with continued passage, was replaced by a smaller, -600-nt DI RNA species (16) . The fact that the smaller species was the dominant DI RNA later in the passage series suggested that it was more competitive (i.e., more readily able to accumulate) than its larger counterpart. In the present study, we were interested in determining which of these D l RNA species is the more competitive and what factors influence the observed levels of competitiveness. cDNA copies corresponding to the larger (DI-73) and smaller (DI-72) D l RNA species had previously been cloned downstream of a T 7 RNA polymerase promoter (16) and are shown schematically in Fig. 1 . The nucleotide sequences of DI-73 and DI-72, which are 787 and 620 nt long, respectively, are identical, except that Dl-72 contains a deletion of 167 nt in its 3' region ( Fig. 1) .
Transcripts of DI-73 and DI-72 prepared in vitro were tested for the ability to replicate and accumulate by coinoculation with a TBSV helper RNA transcript (TBSV-100; Fig. 1 ) into cucumber protoplasts. Total nucleic acid was prepared 24 h p.i. and analyzed by polyacrylamide gel electrophoresis under denaturing conditions. When TBSV-100 was coinoculated with either DI-73 or DI-72, RNA products corresponding to the sizes of these DI RNAs accumulated to levels readily detected by ethidium bromide staining ( (Fig. 2 , lanes 5 to 7, respectively). Protoplasts inoculated with 34 pg of the DI-73 transcript only (the mass used in the 1:100 coinoculations) showed no residual DI-73 remaining after the 24-h incubation (data not shown). T o ensure that the observed reduction in the levels of DI-72 was the result of DI-73 in the inoculum, a coinoculation containing TBSV-100, DI-72, and 35 pg of yeast RNA was performed (Fig. 2, lane 15) . The accumulation of DI-72 to levels comparable to that achieved when DI-72 was coinoculated with the helper alone (cf. lane 15 with lane 3 in Fig. 2 ) indicated that the reduction in DI-72 levels in coinoculations with DI-73 was the result of active competition. These results demonstrate that Dl-72 is more competitive than the larger Dl-73.
There are several factors which could influence the compe-tition observed between DI-72 and DI-73. The most obvious of these include the replication efficiency of the DI RNAs, the proficiency with which the DI RNAs are encapsidated, and the stability of the naked DI RNAs. To test the effect of encapsidation efficiency on the levels of accumulation of DI-72 and DI-73, a competition assay analogous to that performed with the wild-type TBSV-100 helper was carried out with a modified TBSV helper RNA transcript (HS-7; 35) which expresses a nonfunctional truncated coat protein (Fig. 2, lanes 8 to 14) . With HS-7 as the helper, the accumulation profiles of DI-72 and DI-73 at the different inoculation ratios were indistinguishable from those in experiments with TBSV-100 as the helper (cf. lanes 11 to 14 with lanes 4 to 7 in Fig. 2 ). These results indicate that encapsidation does not significantly influence the relative levels of competitiveness of DI-72 and DI-73.
To assess the contribution of RNA stability to the observed levels of competitiveness, the half-lives of DI-72 and DI-73 were determined. Cucumber protoplasts were inoculated with equivalent moles of either DI-72 or DI-73 with no helper, and total nucleic acid was prepared from aliquots removed at various times after inoculation. The decay rate of each of the DI RNAs was determined following Northern blot analysis of the isolated total nucleic acid (Fig. 3A) . The calculated halflives of DI-72 and DI-73 were 2.90 ? 0.33 and 5.92 ? 0.52 h, respectively (Fig. 3B) . In cucumber protoplasts, DI-73 was approximately twice as stable as DI-72. Therefore, the superior competitiveness of DI-72 cannot be attributed to the stability of its naked RNA. Taken together with the encapsidation data, this result implies that replication competence most likely represents a major contributing factor in the ability of DI-72 to accumulate to greater levels than DI-73 under competitive conditions. However, additional, undetermined factors may also have contributed to these results.
Evolution of DI-73 to Dl-72-like species. We wanted to determine whether serial passage (in protoplasts) of an initial coinfection of DI-73 with the helper would allow evolution of DI-73 to a DI-72-like form. To ensure that the progeny DI RNAs examined represented derivatives of the input DI RNA, we used in vitro-synthesized RNA transcripts of a closely related tombusvirus, CNV, as the helper (30) . CNV produces DI RNAs which are essentially identical in structure to those of TBSV (29) and can direct the replication of TBSV DI RNAs although the CNV and TBSV genomes differ at the nucleic acid level (64% identity; 10, 31). This sequence difference allowed (i) distinction between input TBSV DI RNAs and any DI RNAs produced de novo from the CNV helper RNA and (ii) identification of any helper-DI RNA recombinants. When K2/M5 (CNV; Fig. 1 ) was used as the helper, the relative accumulation levels of DI-72 and DI-73 were comparable to the levels observed when TBSV-100 was used as the helper (cf. lanes 1 to 7 in Fig. 4A with lanes 1 to 7 in Fig. 2) .
DI-73 transcripts were coinoculated with K21M5 into cucumber protoplasts, and the infection was subjected to 10 serial passages with total nucleic acid as the inoculum. Two different amounts of initial DI-73 inoculum were used, 0.34 (high) and 0.0034 (low) wg, and three sets of protoplasts were inoculated with each amount. The levels of accumulation of DI-73 in the initial coinfections at high and low DI-73 concentrations are shown in the left panel of Fig. 4B (lanes 1 to 3 and 4 to 6, respectively). No DI-73-sized RNAs accumulated in the initial infection when either K2/M5 alone or a mock inoculum was used (Fig. 4B, lanes 8 and 7, respectively) . The initial infections (Fig. 4B, lanes 1 to 8) were then subjected to 10 serial passages, and total nucleic acid isolated from protoplasts of passage 10 were analyzed (Fig. 4B, lanes 9 to 16, respectively) . All six infections which were initially coinoculated with DI-73 and K2M5 showed accumulation of DI-72-sized RNA species (Fig.  4B, lanes 9 to 14) . DI-72-sized species were the primary accumulating products in infections with a high concentration of DI-73 (Fig. 4B, lanes 9 to 11) . Infections with a low concentration of DI-73, however, showed a greater degree of variation, with accumulation of both DI-72-sized and intermediate-sized DI RNAs (Fig. 4B, lanes 12 to 14) . The initial infection with K2M5 alone after 10 passages showed accumulation of a DI-73-sized species (Fig. 4B, lane 16) which first appeared at passage 8. When cDNAs corresponding to this RNA species were cloned and sequenced, the sequences revealed that it represented a DI-73 contaminant rather than a DI RNA generated de novo from the CNV genome. This finding does not invalidate our findings regarding the DI-73-to-DI-72-like transition but instead illustrates the importance of using a helper RNA which is distinguishable from the DI RNA under study. Sequence analysis of cloned cDNAs corresponding to several of the DI-72-sized molecules which accu- mulated in passages 7 and 9 confirmed their predicted DI-72-like structure and revealed a total of seven different junction types between regions 111 and IV (Fig. 5) . The DI-72-like molecules contained no helper RNA sequences, thus confirming their derivation from DI-73. These results show that in our system, DI-73 is able to evolve to a DI-72-like species.
To observe the steps involved in the transition of D1-73 to the DI-72-like species, all of the products from a single passage series were separated in the same gel (Fig. 6) . The accumulated products from the initial infection with K2lM5 and DI-73 (lane 0) through passages 1 to 10 (lanes 1 to 10, respectively) are shown in Fig. 6 . During the passaging, there was decreased accumulation of DI-73 concomitant with increased accumula- 
FIG. 5. Sequences at the junction between regions 111 and IV in Dl-72-like and mid-sized DI RNAs which were generated from Dl-73 during serial passage with the helper. A schematic representation of Dl-72 is shown at the top with the corresponding sequences flanking regions 111 and IV. Below are the sequences flanking the junction of regions I11 and IV for Dl-72-like molecules from passages 7 and 9 and for mid-sized Dl-RNAs isolated from passage 6. The sequences shown for DI-72-like and mid-sized Dl RNAs were determined from cloned cDNAs corresponding to Dl RNAs isolated from passages originating from four or two different initial inoculations, respectively. The numbers in parentheses at the right represent the total numbers of clones which contained the sequences. The nucleotides in parentheses were arbitrarily placed with the upstream junction.
tion of a prominent DI-72-sized product (Fig. 6) . The profile of the accumulated products is representative of passages from initial inoculations with high concentrations of DI-73. For passages initiated with the low concentration of DI-73, the transition was delayed by approximately 1 to 2 passages (data not shown). A Northern blot of the stained gel revealed the presence of a less abundant DI RNA species which was intermediate in size between DI-73 and the DI-72-like product (Fig. 6, lower panel) . These mid-sized DI RNAs (designated M in Fig. 6 ) were clearly detectable approximately 1 passage after the DI-72-like product began to accumulate (cf. lane 3 with lane 2 in the lower panel of Fig. 6 ). The kinetics of accumulation therefore suggest that the mid-sized DI RNAs do not necessarily represent intermediates in the DI-73-to-DI-72-like product conversion. Sequence analysis of cloned cDNAs corresponding to a number of DI-73-derived mid-sized molecules demonstrated that they contained various small (598-nt) deletions of the segment between regions 111 and IV (Fig. 5) .
In one of the passage series of DI-73 with K2/M5, a larger DI RNA (designated DI-R1) was detected and became the dominant DI RNA species at passage 6 (Fig. 7A, lane 3) but was no longer detectable at passage 10 (Fig. 4B, lane 12) . No DI RNA species were detected in the corresponding sixth passage of inoculations with K21M5 alone or the mock inoculation (Fig. 7A, lanes 2 and 1, respectively) . Cloning and sequencing of several cDNAs corresponding to DI-R1 re- vealed that it retained regions I and IIIIIV of DI-73 but contained a duplication of a 130-nt segment in region I1 which accounted for its larger size (Fig. 7B) . The duplication of a DI RNA-specific region and the absence of any helper sequence indicated either a recombination event between Dl RNAs or rearrangement.
Accumulation and evolution of putative DI RNA precursors. Previous studies on tombusvirus DI RNA formation and evolution were unable to detect any molecules larger than DI-73 (4, 16, 17, 29) . Presumably, larger precursors do exist but, for unknown reasons, cannot accumulate to detectable levels or are transient. To explore the possible existence of larger DI RNA precursors, we synthesized in vitro large artificial defective RNAs (DI-82, DI-83, and DI-93; Fig. 1 ) from plasmid constructs containing their corresponding cloned cDNAs. The segment between regions I and 11, which is deleted in DI-72 and DI-73, was reintroduced to produce DI-82 and DI-83, respectively (Fig. 1) . Similarly, the segment between regions I1 and IIIIIV, which is deleted in DI-73, was reintroduced to produce Dl-93 (Fig. 1) . Transcripts corresponding to these putative DI RNA precursors were individually coinoculated with K21M5 into cucumber protoplasts, and the total nucleic acid was isolated 24 h p.i. and analyzed by Northern blotting (Fig. 8A) . Mock inoculation or inoculation of DI-82, DI-83, or DI-93 alone resulted in no detectable accumulation of viral RNA (Fig. 8A, lanes 1, 6, 7 , and 8, respectively). Inoculation with K2IM5 alone resulted in accumulation of helper gRNA and the two subgenomic RNAs (Fig.  8A, lane 2) . RNA products corresponding to the predicted sizes of DI-82 (-1.7 kb) and DI-83 (-1.9 kb) were readily detectable when DI-82 or DI-83 was coinoculated with the helper (Fig. 8A, lanes 3 and 4, respectively) . Stained gels revealed that these two defective RNAs did not accumulate to high levels (data not shown). accumulation was the result of hybridization of the blot with a TBSV-specific probe which was entirely complementary to DI-82 and DI-83 but was only partially complementary to the CNV RNAs. No RNA with the predicted size of DI-93 (-3.7 kb) was detected when it was coinoculated with the helper (Fig. 8A, lane 5) .
The initial infections shown in Fig. 8A (lanes 1 to 8) were then subjected to a single passage, and the total nucleic acid from these protoplasts was examined by Northern blotting (Fig. 8B, lanes 1 to 8, respectively) . No viral RNAs were detected in protoplasts passaged from either the mock inoculation or inoculation of DI-82, DI-83, or DI-93 alone (Fig. 8B,  lanes 1, 6, 7 , and 8, respectively), but authentic viral RNAs were detected upon passage of the helper alone (Fig. 8B, lane  2) . When coinfections of the helper with either DI-82 or DI-83 were passaged, DI-82-and DI-83-sized progeny accumulated (Fig. 8B, lane 3 and 4 , respectively) along with RNAs similar in size to DI-72-DI-73 molecules (Fig. 8B, asterisk) . Passage of the infection with DI-93 and the helper also resulted in accumulation of similar small viral RNA products (Fig. 8B , lane 5), even though there was no detectable accumulation of Dl-93-sized progeny in either the original infection or the subsequent passage. In other experiments, however, we showed that DI-93 is able to replicate and accumulate to low but detectable levels in initial infections when it is coinoculated at high concentrations with the helper (data not shown). It is likely, therefore, that there was a "subliminal" level of replication of DI-93 in the experiment whose results are shown in Fig. 8 , the accumulation of which was below the detection level of our assay. This result provides evidence that small DI RNA-like molecules can be rapidly generated from a larger precursor which does not accumulate to detectable levels. The accumulation of small DI-72-and DI-73-sized products from DI-93, DI-83, and DI-82 within a single passage was reproducible in several additional experiments with independently prepared transcripts and protoplasts. We cloned and se- quenced several cDNAs corresponding to the smaller DI RNA-like molecules generated, and the structures of these molecules are shown schematically in Fig. 9 . The sequences revealed that the segment between regions I and I1 was deleted to various degrees in DI-82 and DI-83 to generate DI RNAs with DI-72-and DI-73-like structures (Fig. 9, i and ii) , respectively, and that DI-73-like molecules were generated from DI-93 by various deletions between regions I1 and IIIIIV (Fig.  9, iii) . The presence of unique junctions and of additional viral sequences not present in either DI-72 or DI-73 in the newly formed DI RNAs eliminated the possibility that they arose through contamination (Fig. 9) . In addition, the DI-72173-like molecules generated contained no helper genome sequences. These results demonstrate that the larger defective RNAs can serve as precursors for the more prototypical DI RNA forms.
DISCUSSION
RNA recombination among viruses containing RNA genomes is now an accepted phenomenon. This process is becoming increasingly recognized as an important mechanism in RNA virus evolution and genome repair and, in some cases, may play a crucial role in normal genome replication (18) . The facility with which tombusviruses generate DI RNAs makes them ideal subjects for studying facets of RNA recombination and evolution. To this end, we used a protoplast system to (i) analyze factors which influence the competitiveness of these VOL. 68. 1904 DI RNA GENERATION AND EVOLUTION IN TOMBUSVIRUSES 21 molcculcs and (ii) investigate possible mechanisms for TBSV DI RNA generation and evolution. Dl RNA competitiveness. Our results suggest that replication ability likcly rcprcsents a major factor influencing DI RNA accumulation levels under competitive conditions. It seems unlikely that the difference in size between the two DI RNAs (620 versus 787 nt) could, on its own, account for the disparity in replication efficiency. It is possible that deletion of the 167-nt segment made DI-72 more proficient at recruiting and/or utilizing trans-acting replication elements, thus making it more competitive. The finding that DI-72 is more competitive than DI-73 is relevant in light of the fact that when protoplast infections initiated with Dl-73 and the helper were serially passaged, the predominant accumulating Dl RNAs had structures analogous to that of DI-72. It is likely that the same competitive properties of DI-72 and DI-73 which were defined experimentally are responsible for dictating the accumulation of the DI-72-like molecules generated from DI-73. Our results. therefore, suggest that for at least one of the steps in Dl evolution (the Dl-73-like to DI-72-like product conversion) replication efficiency is likcly a major factor influencing the transition.
Evolution of Dl RNAs. On thc basis of our findings that Dl-72-like moleculcs arc derived from DI-73 during serial passage, we propose that de novo generation of Dl-72-like molecules from the viral genome occurs by a similar mechanism (i.e., through a transient DI-73-like intermediate). Two possiblc modes by which the Dl-73 to DI-72-like product transition could occur include (i) excision of the segment spanning regions I11 and IV by a series of progressively larger deletions (this scheme would involve intermediates) and (ii) a single deletion event leading to formation of Dl-72-like molecules, each with different amounts of the 3' segment deleted. In the latter case, derivatives which resemble Dl-72 (with approximately 167 nt deleted between regions 111 and IV) would presumably compete successfully against those with smaller deletions of this region. Our kinetic data on the DI-73 to Dl-72-like product transition showed that the DI-72-like products began to accumulate prior to the mid-sized DI RNAs, suggesting that this transition may occur through an intermediate-independent (i.e., mid-sized Dl RNA-independent) pathway.
We have demonstrated that larger putative DI RNA precursors accumulate to relatively low levels and rapidly transform to smaller DI-72-and DI-73-like molecules after a single passage. This result proves that these larger molecules could represent functional intermediates in the formation of smaller DI RNAs. Furthermore, the relatively low level of accumulation of the large precursor molecules and their capacity to evolve rapidly to DI-72-and DI-73-like molecules are features which are consistent with the lack of detection of comparable larger DI RNA precursors in previous studies.
We have characterized an atypical DI RNA, Dl-Rl, containing a duplication of a segment in region 11. The identification of this DI RNA species, which accumulated to relatively high levels during passage of Dl-73 with a helper, is significant in several respects. The finding that DI-RI accumulated in passages 6 to 8 but was undetectable in earlier or later passages illustrates that (i) DI RNA populations are dynamic, (ii) timing is an important factor in identifying different Dl RNA species, and (iii) duplication of this region must have conferred some selective advantage to DI-RI during passages 6 through 8. Additionally, the result indicates that in some instances DI RNAs may recombine and/or rearrange to form larger Dl RNAs, thus illustrating the ability to evolve to both smaller and larger molecules.
Templates participating in RNA recombination and selection of recombination sites. Sequence analysis of DI-72-and D1-73-like molecules generated from either DI-73 or largcr precursors indicated that their formation did not involve recombination with the helper genome. This is in contrast to animal coronavirus DI RNAs, which are able to evolvc via recombination with the helper genome (9) . The generation of the TBSV Dl RNAs must have, therefore. involved either inter-or intramolecular DI RNA recombination. Further attempts to determine which of these mechanisms functions in these conversions are under way.
The DI-73 to DI-72-like product transition was found to bc facilitated by a higher concentration of Dl-73 in the initial inoculation. In studies on poliovirus RNA recombination, it was determined that the greater the concentration of viral RNA, the higher the observed recombination frequency (12) . Similarly, our results suggest that the concentration of a DI RNA population is an important factor in determining recombination frequency and, in turn, the facility with which Dl RNA evolution occurs. In the case of intramolecular D1 RNA recombination (i.e., rearrangement), the generation of recombinants would be predicted to increase linearly with the templatc concentration, whereas with intermolecular DI RNA recombination a faster increase would be expected because of the elevating probability for trans interactions as the template concentration increases.
To gain further insight into the mechanism(s) responsible for these recombination events, the sequences surrounding the junctions in newly generated Dl RNAs were examined (Fig.  10A) . Analysis of the upstream and downstream recombination sites for the deletions between regions I11 and IV indicated the potential for base pairing between positive-and negative-sense DI RNA strands, respectively (Fig. 10B to D) . The 5' and 3' junction sites (upper and lower arrows, respectively) were found either directly across from or within a few residues of each other and were present either within or directly adjacent to base-paired tracts. This finding implies that regions which contain short stretches of complementarity represent preferred recombination sites. The tracts of complementarity to the left of the junctions in Fig. 10B and to the right of the junction in Fig. 10D suggest that these sequences could act as guides for repriming in a copy choice type of event during positive-or negative-sense strand synthesis, respectively. A schematic representation of such a recombination event between two Dl RNAs in which template switching occurs during negative-sense strand synthesis is depicted in Fig. 10E . Similar mechanisms involving repriming by the 3' end of the incomplete nascent strand have been proposed for poliovirus (15) , flock house virus (21), coronavirus (18) , and QP phage (I). Examination of other newly generated junction sites (i.e., junctions 1-11 and 11-111) in the Dl-72-and DI-73-like molecules generated from the precursors showed various degrees of complementarity (data not shown). indicating that although the ability to base pair at junction sites may facilitate some recombination events, it is not a prerequisite. We also found that as in brome mosaic virus (2) , stable heteroduplexes between same-sense strands can form between the sequences at some of the junction sites (data not shown). It is possible that several distinct mechanisms may function in tombusvirus RNA recombination to generate the variety of junctions that have been observed. Caution should be exercised when interpreting data concerning junction sites. It is essential that the effect of selective pressures on the accumulation of the recombinant be considered (26) . For instance, a recombinant which is generated by an infrequent event may be preferentially amplified because of its highly competitive nature; however, Junction between regions 111 end IV observed in Dl-72-like molecules in additional independent experiments (data not shown). The structures shown were generated with the FOLD program (8) . To facilitate the analysis (which requires a single RNA molecule), the 3' ends of the positive-sense strands were joined to the 5' ends o f the negative-sense strands by poly(A) tracts of four residues. (E) Example of a copy choice type of recombination event during negative-sense strand synthesis involving two positive-sense Dl RNA templates. The tlold line and arrow indicate the nascent negative-sense strand and the direction of elongation. respectivcly. Open boxe.; in the templatcs represent identical or similar sequence tracts located at two different positions in the two Dl RNAs which could serve as guides for template switching. Following dissociation from tcniplate I. the sequence at the 3' terminus of the incomplete nascent negative-sense strand (the conlplement of the sequence represented by a box in template I ) could reprime on template 2 by base pairing with a complementary sequence the observed junction will not represent a recombination hot spot.
Model to describe the temporal order of recombination events leading to formation of prototypical tombusvirus DI RNAs. Not all recombinant viral RNAs which arc initially generated will contain the necessary elements required for their amplification. There will be selective pressure on a newly generated recombinant to maintain certain sequences which will allow its amplification. In addition, the R N A molecule may evolve, via recombination and/or rearrangement, to a size which is compatible with its maximal competitiveness. O n the basis of our data, we propose a stepwise dclction model to describe the stages involvcd in the generation and evolution of Dl KNAs in tombusviruscs (Fig. 1 I) . O u r results suggest that formation of the highly competitive Dl-72-like species docs not occur as a single event but instead is the consequence of stcpwisc deletions of segments in the gRNA. In our system, the formation of smaller DI RNA species involves DI RNA-Dl RNA recombination and/or rearrangement, and accumulation of these molecules appears to be dictated primarily by replication efficiency. In the model, the initial dclction event in the gRNA (Fig. 1 IA) would involve the removal of either of the relatively large segments between regions I and I1 or regions I1 and IIlIIV (Fig. 1 IB) . The removal of these segments could occur either (i) as a single deletion cvcnt or (ii) by accumulation of a series of smaller deletions. Thc products of the initial deletion cvcnt (Fig. 1 IB) d o not accumulate to levels which arc easily detectable but arc substrates for subsequent deletion events. the products of which rapidly accumulate as DI-73-like (open box in template 2). This model predicts a single copy of the guide sequence (wiiich may be a hybrid) in the newly generated negative-scnsc strand.
